.-Ultrasound has been used to measure diaphragm thickness (T di ) in the area where the diaphragm abuts the rib cage (zone of apposition). However, the degree of diaphragm thickening during inspiration reported as obtained by one-dimensional M-mode ultrasound was greater than that predicted by using other radiographic techniques. Because two-dimensional (2-D) ultrasound provides greater anatomic definition of the diaphragm and neighboring structures, we used this technique to reevaluate the relationship between lung volume and T di . We first established the accuracy and reproducibility of 2-D ultrasound by measuring T di with a 7.5-MHz transducer in 26 cadavers. We found that T di measured by ultrasound correlated significantly with that measured by ruler (R 2 5 0.89), with the slope of this relationship approximating a line of identity (y 5 0.89x 1 0.04 mm). The relationship between lung volume and T di was then studied in nine subjects by obtaining diaphragm images at the five target lung volumes [25% increments from residual volume (RV) to total lung capacity (TLC)]. Plots of T di vs. lung volume demonstrated that the diaphragm thickened as lung volume increased, with a more rapid rate of thickening at the higher lung volumes [T di 5 1.74 vital capacity (VC) 2 1 0.26 VC 1 2.7 mm] (R 2 5 0.99; P , 0.001) where lung volume is expressed as a fraction of VC. The mean increase in T di between RV and TLC for the group was 54% (range 42-78%). We conclude that 2-D ultrasound can accurately measure T di and that the average thickening of the diaphragm when a subject is inhaling from RV to TLC using this technique is in the range of what would be predicted from a 35% shortening of the diaphragm. ultrasonography; diaphragm length; diaphragm thickness; diaphragm mechanics THE RELATIONSHIP BETWEEN diaphragm length (L di ) and lung volume has been well described in animals. Using sonomicrometers, previous investigators have found that the canine diaphragm shortens by 20-42% as lung volume increases from residual volume (RV) to total lung capacity (TLC) (5, 6, 8, 11, 14) . Changes in L di have not been directly measured in humans. Instead, diaphragm shortening has been indirectly assessed by using radiographic techniques. Between RV and TLC, diaphragm shortening is estimated to be in the range of 25-35% (4, 9, 10, 17). It is likely that the diaphragm maintains a constant volume and increases its circumference minimally as it shortens; thus the diaphragm must thicken as it shortens. Measurements of diaphragm thickening, then, may provide an alternate means of assessing the relationship between L di and lung volume.
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Measurements of diaphragm thickness (T di ) have been made with the use of ultrasound to visualize the diaphragm in the area where it abuts the rib cage [zone of apposition (ZOA)] (12, 16). Wait et al. (16) used M-mode ultrasound to demonstrate inspiratory thickening of the diaphragm in the area of the ZOA; however, the degree of thickening and, therefore, the degree of shortening that they measured was greater than the degree of diaphragm shortening previously measured in animals (5, 6, 8, 11, 14) or estimated in humans (4, 9, 17) . Discrepancies between the ultrasound measurements and the previous human and animal studies may be related to the narrow range of volume [from functional residual capacity (FRC) to one-half vital capacity (VC)] over which the thickness measurements were made or to limitations of M-mode ultrasound. Because two-dimensional (2-D) B-mode ultrasound provides images for a broader expanse of tissue than one-dimensional M-mode, it provides greater anatomic definition of the diaphragm and neighboring structures. Thus it may be better suited to assess changes in T di . The purpose of the present study was first to establish the accuracy and reproducibility of 2-D ultrasound in measuring T di and then to reevaluate the relationship between lung volume and T di by using 2-D ultrasound over a range of lung volumes extending from RV to TLC.
METHODS
Autopsy studies. The diaphragm was imaged through the ZOA (13) by B-mode ultrasound in 26 cadavers. This site is ideal for ultrasonographic visualization, since the diaphragm is bounded by soft tissue on either side and lies parallel to the skin surface and, therefore, the transducer face. To image this area of the diaphragm, a 7.5-MHz transducer (Technicare) was placed on the skin in the midaxillary line at the level of the right eighth or ninth intercostal space. In this location, the diaphragm appears as a three-layered structure comprising two parallel echogenic lines, the diaphragmatic pleura and peritoneal membranes, sandwiching a relatively nonechogenic layer (the muscle itself) (Fig. 1 ). Images were obtained with the chest both closed and opened and were videotaped for subsequent analysis. When the chest was open, diaphragm visualization was confirmed by manual displacement of the diaphragm and simultaneous observation of the ultrasound image. By introducing air into the pleural space, we further identified the diaphragm as the most superficial structure to be obliterated by the echogenic air-chest wall interface.
The image was either accepted for analysis or rejected if it was indistinct or if the limiting membranes were not parallel. Once an image appropriate for analysis was obtained, the intact diaphragm was marked at the site being imaged. This portion of the diaphragm was then excised and laid on a surface; T di was then measured by ruler at the marked site by at least one blinded observer. Ultrasound images were converted to still photographs by a video printer (Sony) and were also analyzed in a blinded fashion. For both the ultrasound and gross anatomic measurements, T di was defined as the distance between the outer edge of the limiting membranes. A plot of T di determined by ultrasound vs. T di determined by ruler was constructed.
Lung volume-T di relationship. A 7.5-MHz transducer was used to obtain 2-D images of the diaphragm in the ZOA in nine healthy subjects (7 men and 2 women) ( Table 1) . In each subject, the transducer was placed in the midaxillary line over the right 8th or 9th intercostal space (whichever gave the clearest image). All subjects were standing and breathing quietly. They then performed at least three reproducible VC maneuvers while breathing into a wedge spirometer. The volume output of the spirometer was displayed on an oscilloscope, and the VC signal was subdivided into 25% increments from RV to TLC. These five volume targets were displayed to the subject, and once an acceptable diaphragm image was obtained, the subject inhaled to TLC and then exhaled into the wedge spirometer to the target lung volume. Each subject was instructed to keep his or her glottis open, thereby actively maintaining the target volume. The effort was sustained for 30-60 s while the image was being recorded.
As in the autopsy studies, the diaphragm was recognized as a three-layered structure just superficial to the liver. We further confirmed its identity by monitoring its image as subjects inhaled to TLC. During this maneuver, the diaphragm is the most superficial structure to be progressively obliterated by the echogenic air-chest wall interface. Additionally, the diaphragm could, at times, be seen to peel away from the chest wall near the advancing edge of the inflating lung.
Diaphragm images were recorded at the five target lung volumes. Measurements at each volume were repeated at least twice on three separate occasions. Thus a total of six measurements of T di at each lung volume were analyzed for each subject. Video images were transformed to still photographs by using a video printer. Thickness measurements were subsequently obtained in a blinded fashion. Criteria for measuring T di were identical to those employed in the autopsy studies. The image was rejected if it was indistinct or if the limiting membranes were not parallel. This occurred ,15% of the time, and the images rejected were most often those at TLC. Then, T di was measured to the nearest 0.1 mm, and plots of T di vs. lung volume at 25% increments of VC from RV to TLC were constructed. T di was also plotted as a fraction of the value obtained at RV [thickening fraction (TF)]
where VL is lung volume. Statistics. To evaluate the accuracy of ultrasound T di , a regression line was constructed between the ultrasound T di and ruler T di using the least mean square technique. The slope, intercept, and coefficient of determination (R 2 ) were then calculated for this relationship. To evaluate the reproducibility of ultrasound T di , we calculated a coefficient of variation for T di measured at each lung volume in each subject over the VC range. To evaluate the relationship of T di and lung volume, the R 2 was calculated for polynomial equations fit to the T di vs. lung volume data.
RESULTS
There was a wide range of T di among the cadavers (2-7 mm) and a significant correlation between the ultrasound T di and ruler T di (R 2 5 0.89; P , 0.001) (Fig.  2) . The mean ultrasound T di in the autopsy series was 3.4 6 0.8 (SD) mm, and the mean ruler T di was 3.2 6 0.9 mm. These values are similar to those previously measured (16) or calculated from autopsy studies (1, 2) (mean T di of 3.5 mm for a 70-kg adult). The slope of this relationship (0.89) approximated the line of identity and the intercept (0.4 mm) approached the origin. The mean value of T di in the autopsy series was slightly greater than the value of T di measured at 25% VC (2.8 6 0.4 mm) in our subjects. The slightly greater value of T di in the autopsy series may have been due to premortem hyperinflation or to a larger body habitus of the autopsy subjects.
Ultrasound measurements of T di were reproducible over the range of volumes studied. When measured over three sessions for each subject, the mean coefficient of variation for T di at each lung volume ranged from 0.09 to 0.14. The mean values of T di at each lung volume for all subjects are shown in Fig. 3 . As lung volume increased, so did T di . There was a more rapid rate of thickening at the higher lung volumes. Thus the relationship between lung volume and T di could be described by a polynomial equation (T di 5 1.74 VC 2 1 0.26 VC 1 2.7 mm), where lung volume is expressed as a fraction of VC. The relationship between T di and lung volume (R 2 5 0.99; P , 0.001) was highly significant. The mean increase in T di between RV and TLC for the group was 54% (range 42-78%). When changes in T di were expressed as TF, a similar relationship with lung volume was noted. The relationships between T di , TF, and lung volume are summarized in Table 2 .
DISCUSSION
The major findings are as follows: 1) 2-D ultrasonography can accurately measure T di in the ZOA (autopsy study); 2) T di can be reproducibly measured and 2-D B-mode ultrasonography can be used to assess diaphragm thickening over a range of lung volumes from RV to TLC (in vivo studies); and 3) the degree of diaphragm thickening and, therefore, shortening during inspiration approximates the degree of diaphragm shortening previously measured with sonomicrometers in dogs (5, 6, 8, 11, 14) .
Accuracy and reproducibility of 2-D B-mode ultrasound. The depth into the body from which useful images can be recovered and the resolution of the image depend on the sound frequency used. Lower frequencies travel further, but, because of their longer wavelength, have less resolution than higher frequencies. For imaging the dome of the diaphragm, a 2.5-or 3.5-MHz transducer is usually used and can resolve structures on the order of 0.5 mm. For imaging a superficial structure such as the diaphragm in the area of apposition to the rib cage, higher frequency transduc- T di (means 6 SD for 9 subjects) measured in zone of apposition at 25% increments of vital capacity (VC) between residual volume (RV) and total lung capacity (TLC). Diaphragm thickened as lung volume increased, with a mean increase in T di of 54% from RV to TLC. ers in the range of 5-15 MHz are ideal as they provide better resolution (0.3-0.1 mm, respectively). Measurements of T di when these higher frequency transducers were used in the 2-D mode were accurate based on direct comparison at autopsy of ultrasonographic and direct measurements of T di (R 2 5 0.89) (Fig. 2) . The R 2 for 2-D echo is similar to that reported for M-mode (R 2 5 0.86; P , 0.001) (16) . Furthermore, the slope between ultrasound measurements of thickness and direct measurements of thickness approximated a line of identity when 2-D ultrasound was used (0.89) and was also similar to that reported for M-mode ultrasound (0.97) (16) . As with any other diagnostic technique, diaphragm ultrasonography is operator dependent. However, with practice and adherence to the criteria for obtaining a suitable image, as described in METHODS, the measurement of T di should prove to be reproducible. When we repeated measurements of T di twice at each volume on three separate occasions, the coefficient of variation for T di was ,15%, with the most variability seen at TLC. In the range of T di measured, this degree of variation approximates the limits of resolution of the ultrasound transducer (0.2 mm for a 7.5-MHz transducer).
Degree of diaphragm shortening. As one inhales from RV to TLC, the diaphragm is estimated to shorten by 25-35% (4, 9, 17) . These values were obtained by imaging the dome of the diaphragm at different lung volumes. L di was calculated from the length of an arc that runs in a single plane from the insertion of the diaphragm on one side of the chest wall to the other. Although the estimates of diaphragm shortening made by using such techniques are in a reasonable range, this methodology is limited. First, the arc may not lie in the same plane as the diaphragm muscle fibers. Second, the arc includes the central tendon. Because the central tendon does not shorten, the actual shortening of the diaphragm muscle fibers is greater than the shortening of the arc.
Diaphragm ultrasound provides an alternate approach for assessing changes in L di . Thickening of the diaphragm should reflect the shortening of the diaphragm as follows: first, the volume of the diaphragm muscle is the product of its L di , width (W di ), and T di . With the assumption that the volume of the diaphragm muscle is constant as the diaphragm shortens, L di then will vary inversely with the product of T di and W di
If W di is constant, then L di would be inversely proportional to T di . This assumption is supported by observations in the dog by Boriek et al. (3) that diaphragm strain perpendicular to the plane of the costal diaphragm is not different from zero. Second, T di in the lateral region of the ZOA varies only slightly from place to place when measured at autopsy. Thus a change in thickness measured locally under a fixed location on the chest wall should be representative of thickening in the ZOA and should not be due to movement of an adjacent relatively thicker part of the diaphragm under the transducer. Finally, if the diaphragm behaves as a piston in a cylinder, thickening in the ZOA should reflect overall shortening of the diaphragm, including the muscular component of the dome. Wait et al. (16) measured thickening of the diaphragm in the ZOA and reported a TF of the diaphragm, defined as the difference between the thicknesses at end inspiration and end expiration divided by the thickness at end expiration. They found that TF increased linearly with inspired volume. The mean slope of the relationship between TF and inspired volume, where inspired volume is expressed as a fraction of inspiratory capacity, was 2.3 and varied widely among subjects (0.7-4.3). The slope of the TF-lung volume relationship is proportional to muscle shortening. With the assumption that W di , which is related to the perimeter of the thoracic cavity, remains constant during inspiration, and by applying Eq. 2, a slope of 2.3 implies that the thickening at end inspiration was 3.3 times that at end expiration. Accordingly, the muscle would have shortened to 30% of its original length. Such shortening is more than has been estimated for the diaphragm from direct measurements in animals (5, 6, 8, 11, 14) .
We demonstrated less diaphragm thickening (54% over the VC range) than measured by Wait et al. (16) . Assuming once again that W di remains constant in the ZOA, we calculated a shortening to 64% of the diaphragm rest length. The calculated diaphragm shortening at intermediate lung volumes over the VC range is shown in Fig. 4 . Because the optimal length of the diaphragm for tension generation (L o ) is at or slightly below FRC (11), we used the value of 1/T di at 0.25 VC as an approximation of L o and expressed our calculated lengths relative to this number. At lung volumes between 25 and 75% of VC, the relationship between diaphragm shortening and lung volume is relatively linear (R 2 5 0.93) ( Table 2 ). The linear relationship over this range of volume may be explained by the model of the diaphragm acting as a piston in a rigid cylinder. In this context, diaphragm shortening in the ZOA may displace the dome without changing its shape. Diaphragm shortening would then be linearly related to the volume displaced by the dome of the diaphragm. This model may be operant during tidal breathing (10) . However, the slope of this relationship increases as one approaches TLC and decreases as one approaches RV. Accordingly, the data were better fit by a model where L/L o 5 20.31 VC 2 2 0.06 VC 1 1.03, where lung volume is expressed as a fraction of VC (R 2 5 0.99).
The differences in results between the present study and that by Wait et al. (16) may be related to study design. First, measurements of T di at TLC and RV were not obtained in their study, and TF was extrapolated over the VC range. Our data show the slope of the relationship between T di and lung volume increasing over the VC range. Extrapolated data between 0.5 VC and TLC then would overestimate TF, whereas a slope calculated from data obtained between RV and 0.5 VC may underestimate TF. However, when a slope for our data over a similar volume range (0.25-0.75 VC) was calculated, our mean slope was 0.52, a value that is less than the lowest slope measured by Wait et al. (16) . It is unlikely, then, that extrapolation of data to TLC and RV accounts for the differences in slope between the two studies. There was, however, another major methodological difference, namely the use of M-mode by Wait et al. and of the B-mode in our study. With the M-mode, a single point on the diaphragm is recorded over time. In contrast, with B-mode, the sound path is swept through an arc, and the diaphragm is then displayed as a 2-D image recorded over time. We found that the dynamic context of the real time 2-D B-mode sector scan was very helpful in securely identifying and tracking the diaphragm. When directly comparing images simultaneously obtained with the M-and B-mode techniques in four subjects, we found that as the advancing edge of inflating lung came into view the diaphragm peeled away and separated from the chest wall in three individuals. The small echogenic area wedged between the pleural surface of the diaphragm and the pleural surface of the chest wall most likely represents a small amount of pleural fluid (Fig. 5) . With B-mode ultrasound, one can see the continuous curvature of the diaphragm and the parietal pleura lining the chest wall; any fluid that may be present between Fig. 5 . Ultrasound of right hemidiaphragm in midaxillary line in 1 subject. A small space can be visualized between chest wall and lung. With M-mode, this small space between chest wall and diaphragm parietal pleura (between x's) is difficult to differentiate from neighboring diaphragm. 1, measurement point between chest wall and liver; 2, measurement point between diaphragm pleura and peritoneum. the two structures can be readily ascertained. However, with M-mode, this space is not clearly defined, and one would be at risk for mistaking the fluid as T di .
Alinearity of T di -VC relationship. The increase in T di as lung volume increased was alinear, with the slope of T di increasing more rapidly as lung volume increased (Fig. 3) . One possible explanation of this disproportionate diaphragm thickening at high volumes is based on differences in length changes of the rib cage muscles and diaphragm as one approaches TLC. In the dog, the rib cage muscles shorten to a lesser degree than does the diaphragm (7). If they become less effective than the diaphragm at higher volumes, the diaphragm would then contribute proportionally more to the volume change at the higher volumes than the rib cage muscles, thereby shortening and thickening to a greater degree than at the lower lung volumes. However, a model of rib cage and diaphragm shortening based on a radiographic analysis of diaphragm volumes displaced between RV and TLC in humans (15) suggests that the diaphragm contribution to overall lung volume change is greatest between RV and FRC and not between FRC and TLC.
A more likely explanation of the disproportionate thickening of the diaphragm at high lung volumes lies in the relationship between T di and L di (Eq. 2). Assuming that W di is constant, the product of T di and L di is a constant. A plot of T di vs. L di , then, would be a rectangular hyperbola. Changes in lung volume are, in turn, negatively related to changes in L di . By substituting lung volume for L di , one would then have a relationship between T di and lung volume that resembled a rectangular hyperbola with disproportionate thickening of the diaphragm at higher lung volumes.
To summarize, we have demonstrated that 2-D ultrasonography can be used to accurately and reproducibly measure T di in the lateral region of the ZOA of the diaphragm. During inspiration, the diaphragm thickens as it shortens. When 2-D ultrasound is used, the average thickening of the diaphragm when inhaling from RV to TLC is in the range of what would be predicted from a 35% shortening of the diaphragm.
